Abstract -The surface chemistry of carbons can be examined from the points of view of the organic chemistry or of the structural properties of the materials. Referring to (i) reversible and irreversible adsorption of vapours on carbon surfaces and (ii) metallic derivates -carbon interactions, it was shown that both approaches are complementary.
INTRODUCTION
A large variety of carbon materials is industrially produced. For most applications, the surface chemistry of the carbons has a major influence on the performance of the material e.g. the carbon black dispersions in liquids, the dispersion of metallic compounds on carbon surfaces, the adsorption of vapours on activated carbons etc.
More than twenty years ago, the surface chemistry of carbons, carbon blacks in particular, was examined by several groups (ref. 1-3) . In all cases the carbon surfaces were examined from the point of view of the organic chemistry : carbon and heteroelements, essentially oxygen and hydrogen, were considered to form chemical groups such as carboxyl -COOH, carbonyl and/or quinone C=O, hydroxyl and/or phenol -OH. Several methods, more or less specific of a given functional group or based on differences of acidity were developed and successfully used in many applications.
The utilization of surface chemical groups will be illustrated with two examples concerned with reversible (ref. [4] [5] [6] and irreversible (ref. 7 ) adsorption.
The characterization of porous structure of carbons by vapour adsorption may present serious difficulties due to the surface chemistry of the studied carbon. To illustrate that difficulty, we will take an example from the huge contribution of A.V. to the description of carbon surfaces.
The adsorption isotherms of benzene and methanol on an initial carbon black and on the same carbon after a slight oxidation were measured ( fig.1 ). The methanol isotherm is significantly affected by surface oxidation while the benzene isotherm remains practically unchanged. Kiselev concluded that oxidation gives rise to a great number of functional groups on the surface, thus sharply increasing molecular adsorption and chemisorption of organic bases. A s f o r t h e r e v e r s i b l e adsorption o f methanol, t h e i r r e v e r s i b l e adsorption depends upon chemical groups content : t h e higher t h e content per s u r f a c e u n i t , t h e higher t h e r a t i o o f g r a f t e d -0-CH groups. The q u a n t i t a t i v e i n t e r p r e t a t i o n given by t h e a u t h o r s i s n o t , however, t o t a l l y s a t i s f a c t o r y . Indeed, f o r both carbon blacks, t h e s u r f a c e amounts o f g r a f t e d -0-CH is more than twice t h e s u r f a c e f u n c t i o n a l groups as determined from Boehm's method. This J e s u l t shows t h a t t h e organic approach on carbon s u r f a c e , though very h e l p f u l , may n o t be enough f o r i n t e r p r e t i n g r e s u l t s .
The work o f Boehm (ref. 11, Donnet ( r e f . 2 ) and Puri ( r e f . 3) on the chemistry o f carbons were c a r r i e d o u t i n t h e l a t e f i f t i e s and e a r l y s i x t i e s . A t t h e same period, Ph. Walker Jr. and h i s group were t r y i n g t o c o r r e l a t e s u r f a c e and s t r u c t u r a l p r o p e r t i e s o f g r a p h i t i z e d carbon ( r e f . 8 -9 ) .
Graphitized carbons are a n i s o t r o p i c ( f i g . 2) ; t h e carbon atoms o f t h e b a s a l planes are less r e a c t i v e than those o f t h e p r i s m a t i c f a c e s . I n a l a r g e domain o f experimental condit i o n s , t h e d i f f e r e n c e of r e a c t i v i t y i s so high t h a t carbon atoms can be c l a s s i f i e d i n t o r e a c t i v e and unreactive s i t e s . The e x t e n t o f flActive Surface Area" ( A S A ) corresponding t o t h e area o f a c t i v e sites i s thought t o be a function o f such p r o p e r t i e s o f carbon as c r y s t a l l i t e s i z e and o r i e n t a t i o n , vacancy concentration i n the b a s a l plane and impurity concentration, type and l o c a t i o n ( r e f . 8 ) .
3
b a s a l p l a n e e d g e p l a n e Walker defined a procedure t o determine ASA of carbons. After t h e material was outgassed a t 1220 K under vacuum, ASA was determined from t h e amount of s u r f a c e oxygen complexes formed a t 570 K under an i n i t i a l oxygen pressure o f 66.5 Pa. The number o f oxygen complexes can be determined e i t h e r from t h e weight uptake of t h e sample o r by measuring carbon monoxide and dioxide evolved i n a subsequent outgassing a t 1220 K ; it was shown t h a t CO and CO are primary s p e c i e s o f oxide complexes decomposition ( r e f . 9 ) .
The ambitious undertaking of c o r r e l a t i n g t h e s t r u c t u r a l p r o p e r t i e s o f d i f f e r e n t carbons t o t h e i r ASA could not be achieved a t t h a t time. The concept of ASA was, however, e x t r emely u s e f u l t o understand t h e r e a c t i v i t y of carbon m a t e r i a l s . The d i f f e r e n c e of r e a c t i v i t y can be a s c r i b e d t o t h e f a c t t h a t d i f f e r e n t carbons have, i n i t i a l l y , d i f f e r e n t amounts o f a c t i v e s u r f a c e a r e a (ASA) and t h a t t h e i r ASA changes t o d i f f e r e n t e x t e n t s w i t h burno f f .

I f t h e t o t a l s u r f a c e a r e a as determined by g a s adsorption i s quoted TSA, t h e s u r f a c e densit y o f a c t i v e sites A* is equal t o t h e r a t i o ASA/TSA ; t h e s u r f a c e d e n s i t y of a c t i v e s i t e s corresponds t o t h e proportion o f s u r f a c e carbon atoms a c t i v e according t o Walker's method w i t h r e s p e c t t o t h e t o t a l number o f s u r f a c e carbon atoms.
The v a r i a t i o n o f A* w i t h burn-off f o r d i f f e r e n t carbons is i l l u s t r a t e d on t a b l e 2. It appears c l e a r l y t h a t A* changes sharply i n t h e e a r l y s t a g e s and then remains almost const a n t f o r a wide range o f burn-off : after t h e g a s i f i c a t i o n o f t h e f i r s t carbon l a y e r s o f the materials, t h e s u r f a c e renewed during t h e e n t i r e o x i d a t i o n e x h i b i t s t h e same a c t i v e s i t e d e n s i t y , which can be considered as a c o n s t a n t , a kind o f f i n g e r p r i n t of t h e m a t e r i a l .
The organic chemistry and s t r u c t u r a l approaches o f t h e s u r f a c e chemistry o f carbons have been introduced w i t h a few examples. O f course, a r e l a t i o n must e x i s t between both approa- ches. It makes sense t o consider t h a t oxygenated f u n c t i o n s are formed on a c t i v e s i t e s when t h e carbon material, a f t e r having been prepared a t elevated temperature, i s put i n t h e presence o f atmosphere a t lower temperature o r by oxidation i n t h e l i q u i d phase.
I n t h e absence o f d i f f u s i o n l i m i t a t i o n o r s t e r i c hindrance a simple c o r r e l a t i o n between both measurements would be expected. P r a c t i c a l l y , as pointed o u t by t h e two following examples, t h e c o r r e l a t i o n i s not s t r a i g h t f o r w a r d .
The oxygenated f u n c t i o n s o f V3G oxidized i n a i r a t 1473 K have been t i t r a t e d by c y c l i c voltametry ( r e f . 12). The oxygen s u r f a c e complexes are mainly quinone and phenol groups whose c o n t e n t s are 20 and 3 peq/g, r e s p e c t i v e l y . The t o t a l chemisorbed oxygen from which t h e ASA i s computed i s equal t o 92 peq/g ; i t thermally desorbs mainly as CO and a small proportion as C02 : t h e chemical f u n c t i o n s represent one f o u r t h o f t h e t o t a l a c t i v e sites a v a i l a b l e .
J . Dentzer ( r e f . 13) measured by NaOH t i t r a t i o n t h e a c i d i c content o f Carbolac 1 (oxidized carbon black produced by Cabot Corporation). He found 1.4 peq/g while t h e value computed from ASA is 0.83 meq/g. A s chemical f u n c t i o n s are formed on a c t i v e sites, t h e i r content might n o t be higher than t h e value from ASA : it i s expected t h a t carbon dioxide adsorbs on t h e p o l a r s u r f a c e o f Carbolac 1 and is n e u t r a l i z e d by NaOH.
The two previous examples point o u t t h e d i f f i c u l t y t o c o r r e l a t e chemical and s t r u c t u r a l c h a r a c t e r i z a t i o n o f carbon s u r f a c e s . Actually, both approaches must be considered t o i n t e rp r a t e i n t e r f a c i a l behaviour o f carbon materials as shown i n t h e two s t u d i e s o f :
. adsorption o f s i l v e r diammine complexes from t h e l i q u i d phase . deposition o f phthalocyanine from t h e g a s phase.
1) Adsorption of silver diammine complexes on carbon surfaces
S i l v e r supported b j carbon s u r f a c e s can be used as a c a t a l y s t . The adsorption of s i l v e r precursor, Ag(NH ) i n t h e present c a s e , is a s s o c i a t e d w i t h t h e reduction of t h e adsorbed s p e c i e s i n t o m e d d i c s i l v e r by t h e carbon s u r f a c e ( r e f . 14, 1 5 ) . The morphology of the s i l v e r p a r t i c l e s depends on t h e adsorption c o n d i t i o n s of t h e s i l v e r complex. Therefore, i t is of i n t e r e s t t o understand more p r e c i s e l y t h e i n t e r a c t i o n between t h e diammine complex and t h e carbon s u r f a c e . The adsorption o f s i l v e r on V3G carbon black as a function o f time has been measured f o r d i f f e r e n t l e v e l s o f burn-off ( r e f . 16). I n a l l experiments, t h e i n i t i a l concentration o f Ag(NH ) NO i n 0.1 N NH was equal t o 6 mmol / l i t e r . R e s u l t s obtained with V3G can be confirmed with a n o t h e r carbon s u b s t r a t e : Carbolac 1 before and a f t e r p y r o l y s i s a t high temperature ( Table 3) .
Since t h e adsorption of c a t i o n s r e q u i r e s i n t e r a c t i o n s with t h e s o l i d , a r e l a t i o n s h i p between s i l v e r adsorption and t h e number o f a c t i v e sites o f t h e carbon s u r f a c e should be found. The amount o f s i l v e r f i x e d a f t e r 1 and 24 h of adsorption i s p l o t t e d i n Fig. 3 as a function o f ASA. An almost l i n e a r r e l a t i o n s h i p is indeed observed between t h e amount of s i l v e r adsorbed a f t e r a given period of time and t h e ASA of carbon. T h i s r e s u l t indicates t h a t s i l v e r diammine i n t e r a c t s with t h e a c t i v e sites of t h e carbon s u r f a c e , whatever t h e chemical group. It means t h a t t h e i n t e r a c t i o n i s s p e c i f i c with r e s p e c t t o a c t i v e sites but non s p e c i f i c with r e s p e c t t o t h e f u n c t i o n a l i t y of chemical groups of the s u r f a c e .
The a c i d f u n c t i o n s c o n t e n t as t i t r a t e d w i t h sodium hydroxide d e c r e a s e s with t h e temperat u r e o f p y r o l y s i s . A f t e r t r e a t m e n t a t 1070 K , i t is reduced 20-fold while t h e amount o f exchanged s i l v e r i s s l i g h t l y modified. This r e s u l t shows t h a t t h e s i l v e r c a t i o n s react with non a c i d f u n c t i o n a l groups. It is known, t h a t after thermal decomposition o f s u p e r f ic i a l a c i d groups, t h e carbon s u r f a c e , when p u t i n t o c o n t a c t with t h e atmosphere, readsorbed oxygen with t h e formation o f oxygenated complexes-e s s e n t i a l l y non-a c i d i c ( r e f . 17 , 18).
A thermal t r e a t m e n t o f Carbolac 1 modifies t h e n a t u r e o f s u r f a c e f u n c t i o n a l groups without s i g n i f i c a n t l y a f f e c t i n g t h e number of sites.
The a d s o r p t i o n and decomposition o f s i l v e r c a t i o n on V3G and Carbolac l e a d s t o t h e conclus i o n t h a t t h e a d s o r p t i o n is n o t t h e r e s u l t o f a s p e c i f i c exchange w i t h a given t y p e o f f u n c t i o n a l group b u t r a t h e r with t h e e x t e n t o f a c t i v e s i t e s whatever t h e type.
2) Phthalocyanine deposition from the gas phase o n s t a n t . The s u r f a c e chemistry o f t h e carbon d e f i n i t l y i n f l u e n c e s t h e coverage o f t h e s u b s t r a t e . A few q u e s t i o n s arises : are both n u c l e a t i o n and growth s t e p s depending on t h e s u r f a c e chemistry o f t h e s u b s t r a t e ; i s t h e i n f l u e n c e o f s u r f a c e chemistry s p e c i f i c o f a given f u n c t i o n a l group ? I n Fig. 5 , t h e number o f PcFe p a r t i c l e s per u n i t area o f carbon support is p l o t t e d v e r s u s PcFe l o a d i n g f o r i n i t i a l and g a s i f i e d V3G. The e x t r a p o l a t i o n o f both c u r v e s a t low l o a d i n g g i v e s t h e same number o f n u c l e i f o r both s u b s t r a t e s . Therefore, t h e s u r f a c e chemistry does n o t i n f l u e n c e t h e n u c l e a t i o n s t e p .
I r o n phthalocyanine and polyphthalocyanines d e p o s i t e d on carbon e l e c t r o d e s are e f f i c i e n t c a t a l y s t s f o r t h e e l e c t r o c h e m i c a l r e d u c t i o n o f oxygen i n metal-air b a t t e r i e s and a l k a l i n e f u e l c e l l s . W e have s t u d i e d ( r e f . 19) t h e coverage o f V3G s u r f a c e by i r o n phthalocyanine (PcFe). Experimental c o n d i t i o n s f o r e v a p o r a t i o n o f PcFe a t 750 K and condensation a t 500 K on t h e carbon s u b s t r a t e as well as t h e c h a r a c t e r i z a t i o n o f d e p o s i t s are
I n Fig. 6 , we have compared t h e mean p a r t i c l e s i z e as and t h e mean c r y s t a l l i t e s i z e ZB (determined by X r a y ) of t h e supported PcFe. Without e n t e r i n g i n t h e d e t a i l s o f t h e growth mechanism we have d e s c r i b e d elsewhere ( r e f . 1 9 ) , i t can be e a s i l y n o t i c e d t h a t t h e s u r f a c e a c t i v i t y o f t h e s u b s t r a t e s t r o n g l y i n f l u e n c e s t h e coalescence o f PcFe p a r t i c l e s . I n p a r t ic u l a r , t h e coalescence o f PcFe p a r t i c l e s i s prevented on t h e oxidized V3G. 1 metal atom and t h e water molecule has been noted i n C C l U ( r e f . 22) and confirms our own r e s u l t s ( r e f . 2 0 ) . Therefore, t h e h i g h e r s t a b i l i t y o f t h e PcFe p a r t i c l e s on t h e a c t i v a t e d carbon may o r i g i n a t e from i n t e r f a c i a l bonds with t h e oxygen complexes o f t h e carbon s u r f a c e s as s c h e m a t i c a l l y drawn i n F i g . 7. Upon removal of t h e oxygenated complexes, a d e c r e a s e i n t h e s u r f a c e area o f PcFe may be expected.
An important p o i n t i s now t o e s t a b l i s h what prevents
I n o r d e r t o v e r i f y t h i s p o i n t , t h e oxygen groups o f t h e carbon have been removed by H
t r e a t m e n t a t 1220 K ( r e f . 2 3 ) . Following t h i s t r e a t m e n t , t h e carbon was cooled i n H2 and, under t h e s e c o n d i t i o n s , t h e a c t i v e s u r f a c e a r e a w i l l be covered with chemisorbed hydrogen.
Two samples having r e s p e c t i v e l y 14.5 and 26 % PcFe i n weight, have been prepared w i t h t h e hydrogen-treated heterogeneous carbon. The corresponding s u r f a c e areas o f PcFe are compared t o t h e previous one i n F i g . 8. It i s seen t h a t a f t e r removal o f t h e oxygen complexes t h e d i s p e r s i o n of PcFe d e c r e a s e s s i g n i f i c a n t l y and t h a t t h e carbon behaves l i k e t h e i n i t i a l V3G support. Therefore t h e migration and t h e coalescence o f t h e PcFe p a r t i c l e s a r e c o n s i d e r a b l y lowered by t h e presence o f oxygenated groups which act a s "anchors" f o r t h e supported p a r t i c l e s .
I n t h e c a s e o f t h e coverage o f carbon s u r f a c e by phthalocyanine from t h e g a s phase, t h e o r g a n i c chemistry approach of t h e s u r f a c e r e a c t i v i t y combined with t h e concept o f a c t i v e s i t e s l e a d s t o a good understanding o f t h e growth o f PcFe c l u s t e r s . 
CONCLUSION
The s u r f a c e chemistry o f carbons can be d e s c r i b e d i n terms o f f u n c t i o n a l groups w i t h r e f erence t o t h e o r g a n i c chemistry o r i n terms o f Active S i t e s which are r e l e v a n t t o t h e s t r u ct u r a l o r g a n i z a t i o n o f t h e m a t e r i a l . The second approach which i s r e f e r r i n g t o t h e d i f f erence between carbon atoms i n t h e b a s a l p l a n e s and i n t h e p r i s m a t i c p l a n e s can be considered as an a t o m i s t i c approach o f carbon r e a c t i v i t y .
Both approaches a r e n e c e s s a r i l y l i n k e d s i n c e f u n c t i o n a l groups a r e formed on t h e a c t i v e s i t e s . The r e l a t i o n , however, i s n o t s t r a i g h f o r w a r d and more h a s t o be done f o r a b e t t e r understanding o f t h e r e l a t i o n between f u n c t i o n a l groups and t h e concept o f a c t i v e s sites.
From t h e examples given i n t h e p r e s e n t paper, i t i s important t o emphasize t h e need t o a p p l y both approaches t o each problem as i n some cases a f u n c t i o n a l s p e c i f i c i t y i s r e q u i r e d b u t not i n o t h e r c a s e s . This i s p a r t i c u l a r l y t r u e f o r a d s o r p t i o n s t u d i e s .
The ASA concept appears p a r t i c u l a r l y well adapted t o e x p l a i n experimental r e s u l t s on carbon g a s i f i c a t i o n .
